In this article, energy flux measurements at the substrate location are reported. In particular, the energy flux related to IR radiation emanating from the titanium (10 cm in diam.) target surface is quantified during magnetron sputter deposition processes. In order to modulate the plasma-target surface interaction and the radiative energy flux thereof, the working conditions were varied systematically. The experiments were performed in balanced and unbalanced magnetic field configurations with Direct Current (DC), pulsed DC and High Power Impulse Magnetron Sputtering (HiPIMS) discharges. The power delivered to the plasma was varied too, typically from 100 to 800W. Our data show that the IR contribution to the total energy flux at the substrate increases with the supplied sputter power and as the discharge is driven in a pulse regime. In the case of HiPIMS discharge generated with a balanced magnetic field, the energy flux associated to the IR radiation produced by the target becomes comparable to the energy flux originating from collisional processes (interaction of plasma particles such as ions, electron, sputtered atoms etc. with the substrate). From IR contribution, it was possible to estimate the rise of the target surface temperature during the sputtering process. Typical values found for a titanium target are in the range 210 °C to 870°C.
Introduction
Cold plasma based magnetron sputtering is one of the work horse of the coating industry. Magnetron sputtering offers various advantages such as low pollution level and precise control of the coating chemistry and microstructure which, in fine, determine the final properties of the coated surfaces [1] . It is well known that film features, and especially crystallinity and microstructure, widely depend on the energy delivered to the substrate and the thin film during the growth process [2] . During magnetron sputter deposition, the energy can be supplied through bombardment by ions, neutrals, electrons, photons, and/or through intentional heating of the substrate on its backside.
On the other hand, the sputter target top most surface is always heated during the sputtering process, even if it is properly cooled, as it is bombarded by the plasma ions accelerated in the cathode sheath. In most cases, IR emission from the hot target surface is completely ignored as its interaction with the growing film. One of the main reason lie in the difficulty to evidence such energetic contribution by conventional discharge diagnostics [3] .
Nevertheless, IR photons can be absorbed by the growing film relatively efficiently depending on the optical properties of the latter. This was suggested by Mercs et al. in the case of the deposition of Al 2 O 3 thin films by reactive magnetron sputtering from a hot (i.e. not cooled) aluminum target [3] , although no quantification of the IR radiation flux was reported.
In this work, the energy delivered to the growing film was directly measured during magnetron sputter deposition processes. An energy flux diagnostic tool specially designed for low-pressure plasma processes was used [4] . The sensitivity and the accuracy of this tool were previously demonstrated in several plasma systems [4] [5] [6] [7] . It has been shown that, thanks to the fast time response of the sensor (thermopile), the energetic contribution of the plasma can be separated from thermal processes such as IR emission from the heated target. The aim of this work was to determine how the plasma-cathode surface interaction influences the radiative energy flux at the substrate position. Therefore, the evolution of the heat flux attributed to IR photons was studied as a function of the cathode magnetic field configuration, the discharge type, and the sputter power. The energetic contribution due to IR emission was quantified in terms of magnitude and kinetics. Finally the temperature of the sputter target was deduced for each working conditions.
Experimental procedure
The diagnostic is based on a commercial Heat Flux Micro sensor (Vattell-HFM-7). The HFM is composed of a thermopile sensor (approx. 6 mm in diameter) which provides a voltage variation directly proportional to the incoming energy flux density. It is calibrated according to a NIST protocol based on IR radiation emitted from a black body [4] . The HFM voltage was registered every 0.5 s using a nanovoltmeter (Keithley 2182). In order to avoid any radiation losses by IR emission from the sensor itself, the HFM was water-cooled down to 5°C. Since the sensor temperature is not allowed to rise, a clear positive energy flux is always measured. A 6 mm diameter copper substrate was glued on the HFM active area using a thermally conductive paste. Previous works have shown that this copper plate does not disturb the measurements [6, 8] .
The energy flux diagnostic was mounted in a conventional magnetron sputtering experiment dedicated to the deposition of titanium films. Energy flux measurements were performed 8 cm away from a water-cooled, 10 cm in diameter, 6 mm -thick, titanium target.
DC magnetron (DCMS), pulsed DC magnetron (pDCMS) and High Power impulse
Magnetron Sputtering (HiPIMS) discharges were ignited successively. More details about the experimental setup and the HiPIMS pulse can be found in [9] and [10] . To study the influence of each discharge type, pressure and averaged power were set to 0.66 Pa (Argon) and 400 W, 
IR contribution and target temperature
As it was previously demonstrated, HFM measurements allow separating contributions exhibiting different time scales [7] . Figure 2a µm is deposited on the sensor. However, in order to avoid any drift of the measured signal, we tried to limit the acquisition time. Consequently, for an accurate estimation of the IR contribution, experimental data were fitted (black line in Fig. 2a ) by solving the heat balance equation at the substrate (i.e. the probe) surface [5] . The equation 1 describes the evolution of the total heat flux at the HFM surface (φ tot ) with respect to time, assuming an offset value (φ 0 ) which is the sum of the radiative transfer between the substrate surface at 5°C (φ 5°C ) and the wall at ambient temperature, and the energy flux due to collisional processes (φ coll (initial sharp rise)): (1) Where φ radeq is the amplitude of the energy flux increase during the thermal process, and τ is the characteristic time, which stands for the rate of heating of the target surface. When τ increases, a longer time is needed to reach the thermal equilibrium.
This characteristic time can be deduced from a heat balance in the unsteady regime established on the target surface. In this way, the time evolution of the measured energy flux density depends on the time evolution of the target surface temperature. Namely:
Where mC is the heat capacity of the target, S the heat exchange surface, and h a global heat coefficient, that is proportional to the cathode thermal conductance. In our case (low pressure environment) the heat exchange is dominated by radiation and conduction throughout the cathode. Therefore the h parameter mostly depends on τ is related to the emissivity of the target material, and on the manner that the target is clamped on the cooled cathode.
On figure 2a, all the parameters used in the equation 1 are detailed. For the corresponding signal ϕ rad = 65 mW/cm 2 and this value stands for 15% of the global energy transferred to the substrate.
From the IR radiation detected at the substrate, the target surface temperature can be roughly estimated using the radiative heat flux equation between the metal target (Met) and the cooled copper (Cu) plate (eq. 2):
( )
Where φ rad is the measured energy flux due to IR emission when the thermal equilibrium is reached (ϕ radeq of the equation 1). f Met/Cu denotes the geometrical factor taking into account that only a portion of the target IR emission can be detected by the HFM. σ=5.67x10 Fig. 1) . This was expected since with the UB configuration, the field lines are opened towards the substrate. Consequently, the charged particles are steered to the substrate where the energy is finally deposited. Inversely, with the B configuration, the plasma is confined close to the target surface and less energy is delivered by the plasma particles to the growing film. The magnetic field strength is also higher. However, in this case, the ion bombardment at the target surface is increased. This situation should lead to a more significant heating of the later, and thus to an enhanced IR contribution at the substrate location. This is what is observed in Fig. 2 . The IR contribution equals 15 % and 3 % of the total energy flux provided to the substrate during pDCMS in B and UB configurations, respectively. noted that IR contribution is very large during the HiPIMS discharge (Fig. 3c) for which the peak target current and power densities are typically 2 to 3 orders of magnitude larger than in DCMS discharges [14] . Indeed, with the B field configuration, energy fluxes at the thermal equilibrium were estimated to 360, 441, and 667 mW.cm The characteristic time could also be determined from the fit of the IR contribution using equation (1) . The corresponding values are 6, 9 and 289 s, for DCMS, pDCMS and HiPIMS, respectively. In cases of DCMS and pDCMS, where the duty cycles are nearly the same (see on table 1) , these values are in the same order of magnitude. τ is the highest in the HiPIMS case, where the duty cycle is very low (4%). As mentioned above, the kinetics of the IR emission is related to the heating rate of the target surface (depending on the incoming energy flux, target thermal conductivity and cooling efficiency). The very high value of τ obtained for HiPIMS, i.e. the long time to reach the thermal equilibrium at the target surface, can be explained by: i) the fact that a huge energy flux is deposited during a short pulse; ii) the fact that the target surface cooling down during the long pulse OFF time is not efficient. Indeed, titanium is characterized by a relatively small heat conductivity (21.9 W/mK) [12] . Moreover, if cooling by gas convection weakly takes place, this process is less efficient in HiPIMS discharges for which the strong sputtering wind is known to induce a local gas depletion, further reducing the gas pressure close to the target surface (see Ref 1 and references therein).
The corresponding surface temperatures were estimated from equation (2) . They were found equal to 362, 420, and 870°C for DCMS, pDCMS, and HiPIMS discharges, respectively. The results highlight that a significant increase of the target surface temperature occurs in each sputtering regime. This rise is promoted in pulsed processes and especially in the HiPIMS one. A significant increase of the target temperature in HiPIMS processes has already been reported [15] . In literature IR emitted by the target is sometimes envisaged, but usually no quantification is given and the possible effect on the growth process is rarely discussed. If the temperature is sufficiently high to induce a modification of the target material properties such as its secondary electron emission coefficient, the discharge parameters could be modified, and the increase of the target temperature would be indirectly detected. The first modification that a titanium target could encounter is the α-Ti to β-Ti phase transition occurring at 882°C [16, 17] . Below this critical temperature, the discharge parameters would remain unchanged and neither the rise of the target temperature nor the modification of the deposition condition at the substrate level would be suspected. However, based on our data, it appears that the deposition conditions at the substrate are modified as IR photons are produced by the relatively hot target (even if the target backside is cooled). This is particularly true for a HiPIMS discharge produced with the balanced magnetic field. This energetic contribution
should not be neglected with respect to the one originating from the bombardment by the plasma species. The influence of the IR flux on the film growth mechanism would be relatively significant depending on the IR absorption efficiency of the deposited material. 
Conclusion
The total energy flux delivered on the substrate, during magnetron sputtering, was successfully measured. We have demonstrated that two components are involved: a fast contribution which is attributed to collisional mechanisms and a slower one which is attributed to IR emission emanating from the heated sputtering target surface. The evolution of the radiative energy flux was studied depending on the plasma-target surface interactions.
This was performed by varying the discharge parameters such as the cathode magnetic field configuration (balanced or unbalanced), the sputter power, and the discharge type (DC, pulsed-DC and HiPIMS).
From all studied cases, it appears that, when the target surface is heated at moderate temperature (i.e. temperatures lower than the value for which severe modification of the target surface can influence the sputtering discharge) the substrate could be submitted to a nonnegligible IR radiation flux. This contribution increases with the power supplied to the cathode and in pulsed regime, because the ion flux at the target surface rises, inducing a more efficient heating process of the target surface. The characteristic time of heating (τ) is related to the target surface heating rate which depends on: the incoming energy flux, the thermal conductivity of the metal, the cooling process efficiency and the duty cycle. In the case of HiPIMS with a B magnetic field, a huge amount of energy is transferred to the target during the pulse ON time and the time to reach thermal equilibrium is relatively long. The contribution of the IR radiation is so important that we believe it might influence the deposition process and thus, modify the final characteristics of the film. It can be expected that this effect would depend on the optical properties of both the substrate and the deposited film.
This energetic contribution is rather difficult to detect and to quantify by conventional discharge analysis techniques and is usually not taken into account in the discussion related to the plasma -thin film growth process. In consequence, we believe that the data reported in the present manuscript could be of general relevance for discussing the thin film growth mechanisms. the HFM surface at 5°C and the chamber walls at ambient temperature, respectively. The energy flux at the thermal equilibrium (φ eq ) is also represented. 
